INTRODUCTION
Chromosomal microarray (CMA) technology has facilitated the discovery of multiple new microdeletion syndromes previously invisible on conventional karyotypes. However, classification of small deletions as pathogenic can be challenging. Many genes are still poorly characterized and functional data are often unavailable. Therefore, collecting a group of individuals with phenotypic and cytogenetic data can aid in the interpretation of a copy-number variant (CNV), especially for very rare variants.
Autosomal recessive pathogenic variants in TBC1D24 (MIM 613577) lead to epilepsy (familial infantile myoclonic epilepsy (FIME, MIM 605021) early-infantile epileptic encephalopathy 16 (EIEE16, MIM 615338), nonsyndromic hearing loss (either recessive, DFNB86, MIM 614617; or dominant, DFNA65, MIM 616044), or DOORS syndrome (deafness, onychodystrophy, osteodystrophy, mental retardation, and seizures, MIM 220500). We noted that carriers of TBC1D24 pathogenic variants may have a susceptibility to epilepsy notably in the mother of a patient with DOORS syndrome who carries a loss-of-function pathogenic variant, 1 and this was eventually noted in other families (detailed in Banuelos et al. 2 ). We thus sought to identify the phenotype associated with microdeletions of TBC1D24 and surrounding genes. We here report on eight individuals with epilepsy and developmental delay who share overlapping 
MATERIALS AND METHODS
Cytogenetic laboratories were contacted to identify individuals with microdeletions encompassing TBC1D24. Patients were identified in the cytogenetics laboratories of the institutions where P.M.C. was a faculty member (Baylor College of Medicine) and currently is (Centre hospitalier universitaire [CHU] Sainte-Justine), but also in other centers across the world. Ten individuals had eligible microdeletions and treating clinicians were then approached to recruit patients, and provide clinical details and DNA samples. Eight individuals were enrolled in the study after informed consent was obtained (on consent forms approved by the Baylor College of Medicine and the CHU Sainte-Justine Internal Review Boards). Consent to publish photographs was obtained from each family where a photo is shown. TBC1D24 Sanger sequencing was performed in all individuals except individual 6 (no DNA available) according to published protocols. 1 Heterozygous TBC1D24 deletion was confirmed in individual 2 by real-time polymerase chain reaction (PCR) on genomic DNA (data not shown).
Clinical information was collected with a standardized questionnaire. Given the clinical manifestations of DOORS syndrome, specific questions were included on dental anomalies, hearing deficits, dysmorphic facial features, and abnormalities of the hands, nails, and feet. Physicians were asked to provide details on seizure disorders and brain imaging.
CNVs and deleted genes were visualized using the University of California-Santa Cruz (UCSC) genome browser human assembly hg19 (ref. 3 ). Haploinsufficiency scores (% HI) for the deleted genes were obtained from the DECIPHER database 4 (Supplementary Material). Probability of loss-offunction intolerance (pLI) scores were drawn from the ExAC database 5 (Supplementary Material). Modeling the probability of autosomal dominant inheritance P(AD) was done with the DOMINO tool 6 (Supplementary Material). PubMed, Google Scholar, and OMIM were used for the literature review until February 2018.
Clinical data on individuals Individual 1 was referred at 8 years for seizures, microcephaly, and developmental delay. She is the only child from a nonconsanguineous union. She was born at term after an uneventful pregnancy. She attends a mainstream school with one-to-one support. Her major difficulties are comprehension and mathematics. At 23 months, she presented with a cluster of generalized tonic-clonic seizures that were treated with levetiracetam and sodium valproate. She has been seizure-free on levetiracetam monotherapy for 5 years. At 5 years, a magnetic resonance image (MRI) was reported as normal. At 8 years, her height and weight were at the 9th percentile, while her head circumference (HC) measured 1.5 cm below the 0.4th percentile for age. She was not dysmorphic (Fig. 1a, b) . Individual 2 came to the attention of a neurometabolic clinic at the age of 6 years. He was born at term to nonconsanguineous parents. Early on, he was noted to have feeding difficulties, failure to thrive, and microcephaly with increased tone. At 13 months, he presented with seizures including generalized tonic-clonic and atonic seizures and head drops. His early developmental milestones were met normally, but at 6 years, he was not yet toilet trained, his speech was limited to single words, and he was able to follow simple verbal commands. He attended kindergarten in an inclusion classroom and received speech, physical, occupational, and applied behavior analysis therapy. His physical exam was remarkable for short stature (<5th percentile) and a HC at the 2nd to 5th percentile. There was no dysmorphism.
Individual 3 is the first of three brothers of nonconsanguineous parents. He was born at term after a normal pregnancy. At birth, length, weight, and HC were at the 25th percentile. During early childhood, he was found to have hyperacusis, hypotonia, and developmental delays (sitting at 9 months, walking after 21 months of age). He attends a specialized classroom. At 30 months, he developed myoclonic astatic epilepsy and was subsequently hospitalized for epileptic encephalopathy. He was treated with valproic acid and lamotrigine. He has been seizure-free since the age of 5 years with normalization of electroencephalogram (EEG) patterns resulting in the discontinuation of valproic acid. On physical exam at 8.5 years, he had microcephaly, prognathism, small teeth with only two permanent teeth, and tapering fingers.
Individual 4 is a 15-year-old male who was born at term to nonconsanguineous parents. He had speech delay and significant learning difficulties. At 15 years, IQ testing (score 51-62) confirmed mild intellectual disability. He exhibits sexualized behavior and has a diagnosis of autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD). From 15 months, he had convulsions consisting of generalized tonic-clonic seizures that were initially associated with febrile illnesses. From 2 years, he was treated with valproic acid; later clobazam and sulthiame were added. At 5.3 years, his height and weight were above the 90th percentile. He was microcephalic with a HC at the 2nd percentile, but otherwise without dysmorphic features. A neurological exam was normal, including an EEG and an MRI of the brain.
Individual 5 is a 21-year-old male with intellectual disability. At 13 years, he scored below the 1st percentile on the Wechsler Intelligence Scale for Children (WISC-IV). At 10 months, he was diagnosed with generalized tonic-clonic seizures, later he also had episodes of absence and myoclonic or atonic seizures. He has been seizure-free for more than 1 year on a combination treatment of levetiracetam, rufinamide, and clonazapam. An MRI at 13 years revealed a small tubular structure in the right frontal lobe that was interpreted as a normal venous variant. His HC measured at the 2nd percentile at 14 years, with height and weight at the 3rd percentile at 17 years. Mildly dysmorphic features included posteriorly rotated ears and a pointed chin (Fig. 1c, d ).
Individual 6 is a 39-year-old man with intellectual disability and significant emotional behavioral concerns with mania and bipolar episodes necessitating multiple psychiatric hospitalizations. From age 3 years, he had generalized tonic-clonic seizures that have been well controlled with the exception of breakthrough seizures at 14 and 25 years. He is treated with phenytoin, buspirone, lorazepam, clonazepam, lamotrigine, olanzapine, and zonisamide. He had corrective surgery for strabismus and multiple dental operations. A brain MRI at 31 years was significant for microcephaly with a thickening of the calvarium and minimal vermian atrophy, which may be secondary to chronic phenytoin use. On physical exam, he had normal height and weight, a tubular nose, and slightly enlarged testicles (Fig. 1e, f) .
Individual 7 was born after a normal pregnancy to healthy nonconsanguineous parents. He was diagnosed with hearing loss, strabismus (Fig. 1g, h ), and nystagmus with normal vision at 2 years. At 5.5 years, his developmental status was estimated at about 2 years; formal testing was unsuccessful. He is treated for ADHD. Since the age of 13 months, he suffered from generalized tonic-clonic seizures that are moderately controlled with oxcarbazepine, levetiracetam, and valproic acid. MRIs at 2.5 and 4.5 years demonstrated stable cerebral and cerebellar atrophy. At 5.5 years, he was of normal height and weight with a HC at the 2nd to 5th percentile.
Individual 8 was born at 32 weeks estimated gestational age via Caesarean section for nonreassuring fetal heart tracing. At birth, her height and weight measured at the 10th percentile, whereas head growth was preserved at the 50th percentile. At 6.5 years, she measured at the 10th percentile for height and weight with a HC below the 3rd percentile. Gross motor and language development is delayed and her IQ was measured at 58 with the Culture Fair Intelligence Test (CFT-R). She experienced her first febrile seizure at 18 months, followed by a cluster of febrile and afebrile tonic seizures at 20 months and 2.4 years. She experienced two more seizure clusters of myoclonic seizures lasting up to 7 days requiring polytherapy of valproic acid, clobazam, and levetiracetam and has been seizure-free on this combination for 2 years. On physical exam, she has a high forehead, a long tubular nose with a broad nasal ridge, and epicanthal folds.
For more information, see Supplementary Material.
RESULTS
Clinical and cytogenetic data were available on eight individuals ( Fig. 1 ). The three Caucasian individuals for whom images are available ( Fig. 1) share facial similarities such as a sloping forehead, a long tubular nose with a prominent columella, and a prominent chin. CMA identified overlapping microdeletions on the short arm of chromosome 16 (16p13.3; Fig. 2) . There is no overlap with the 16p13.3 (refs. 7, 8 ) and 16p11.2 (refs. Table 1 ). Parental testing in six families determined the deletion to be a de novo event. For individual 1, her tested mother is not a carrier. In individual 3, the deletion was present in 83% of cells, suggesting a postzygotic event. The deletions do not share a common break point and range in size from 205 kb to 504 kb with a minimally overlapping region (MOR) of 112 kb that includes seven genes (UCSC genome browser hg19) TBC1D24 (MIM 613577), ATP6V0C (MIM 108745), AMDHD2 (amidohydrolase domain-containing 2), CEMP1 (Cementum protein 1, MIM 611113), MIR3168 (microRNA 3168), PDPK1 (or PDK1, 3-phosphoinositide dependent protein kinase-1, MIM 605213), and DQ577714 (piRNA38825).
We next looked at bioinformatic prediction scores. A %HI score of less than 10% is predictive of haploinsufficiency of a heterozygously deleted gene. A pLI score of ≥0.9 is indicative of intolerance to loss-of-function pathogenic variants and haploinsufficiency. A P(AD) of ≥0.95 is highly associated with autosomal dominant inheritance through haploinsufficiency, gain-of-function or dominant-negative effects. Of the genes within the MOR, PDPK1 reaches the lowest %HI at 27% and the highest pLI score at 0.95. DOMINO predicts PDPK1 to "very likely" cause autosomal dominant conditions with a P (AD) of 0.986. However, none of the genes in the MOR reach significant %HI scores of less than 10% ( Table 2) . Complete Sanger sequencing of the nondeleted TBC1D24 allele did not detect any pathogenic variants and therefore excludes an AR epilepsy phenotype in this cohort (data not shown).
DISCUSSION
Several factors favor a causative link between microdeletions at 16p13.3 and the clinical manifestations in this group. The phenotype is very homogeneous with all individuals suffering from epilepsy and variable degrees of developmental delay. In addition, the majority is microcephalic and none have additional malformations or major medical problems. In all six for whom this data were available, the deletion occurred de novo. Furthermore, CNVs containing the MOR have not been identified in normal controls in several large-scale studies. [11] [12] [13] Only one additional case with a comparable deletion was found in a cohort of 29,085 cases with intellectual disability, developmental delay, and/or ASD, but clinical information is not available (see supplemental table 7 in ref. 12 ). The microdeletion was absent in two additional cohorts, 1 of 5531 cases that were sent to a diagnostic laboratory for clinical testing 14 and 1 including 1133 children with severe developmental disorders. 15 Our results suggest that 16p13.3 microdeletions encompassing TBC1D24, ATP6V0C, and PRPK1 genes represent a novel contiguous gene deletion epileptic syndrome. TBC1D24, a known epilepsy gene, encodes a member of the Tre2-Bub2-Cdc16 (TBC) domain-containing RAB-specific GTPaseactivating proteins. Analysis of the crystal structure of the Drosophila ortholog Skywalker (Sky) identified a cationic pocket that is preserved in human TBC1D24. This pocket is necessary for binding to the lipid membrane via phosphoinositides phosphorylated at the 4 and 5 positions. Abrogation of the cationic pocket by introduction of two human TBC1D24 pathogenic variants found in DOORS syndrome led to impaired synaptic vesicle trafficking and seizures in Drosophila.
16 TBC1D24 is the only gene in the MOR that is associated with autosomal dominant and recessive human disease phenotypes. ATP6V0C (ATPase, H+ transporting, lysosomal 16 kDa, V0 subunit C) is a component of vacuolar ATPase (V-ATPase), a multisubunit enzyme that mediates acidification of eukaryotic intracellular organelles. It is present in endosomes, lysosomes, clathrin-coated vesicles, and the Golgi complex, where it is essential to acidification and maintenance of endocytic and exocytic pathways. 17 Experiments in zebrafish embryos suggest a neuron-specific expression of the zebrafish ortholog atp6v0c2 where it is associated with presynaptic vesicles and involved in neurotransmitter storage.
18
PDPK1 (also known as PDK1) is a highly conserved protein kinase that is involved in many different signaling pathways (reviewed in ref. 19 ). Similar to TBC1D24, it is able to bind to phosphatidylinositol 3,4,5-trisphosphate or phosphatidylinositol 3,4-bisphosphate produced at the plasma membrane where it fulfills an important function in cell migration. 20 While homozygous Pdpk1 knockout mice die on embryonic day E9.5 (ref. 21 ), mice with residual PDK1 activity (10-30%) are viable and fertile, albeit of a smaller size. 22 The reduced interaction of PDPK1 with phosphoisonitides leads to a decrease in PKB/mTORC1/BRSK signaling, decreased neuronal cell size in vivo, and shorter cortical neuron length in vitro. 23 To date, evidence on direct interactions between the three main genes of interest has not been published.
Other genes in the MOR are less likely to play a causative role in the pathogenesis of this recurrent deletion. The enzyme AMDHD2 is involved in a degradation pathway that tightly regulates N-glycolylneuraminic acid (Neu5Gc), 24 a protein that is incorporated at low levels into the surface glycoproteins of several human tissues. 25 However, loss-offunction pathogenic variants of metabolic disorders are usually well tolerated in the carrier state. Cementum protein 1 (CEMP1) is a marker of cementoblast-related cells and plays a role in cementoblast differentiation in periodontal ligament. It is not expressed in brain. 26 Expression studies in NA not available, P(AD) probability of autosomal dominant inheritance, pLI probability of loss-of-function intolerance.
hepatocellular carcinoma (HCC) suggest a role of MIR-3178 as a tumor suppressor by inhibiting cell proliferation, angiogenesis, invasion, and migration of HCC tumor endothelial cells. 27 The potential role of MIR-3178 in other organ systems and during development has not yet been studied. For DQ577714, to date, no investigations detailing the function of its gene product have been published.
While individuals with recessive TBC1D24 pathogenic variants have more severe phenotypes than our cohort, in some families with recessive epilepsy or DOORS syndrome, carriers or obligate carriers also suffered from a milder form of childhood epilepsy. 1, 2, 28, 29 In the ExAC database, the number of expected loss-of-function (LoF) variants (n = 10.7) corresponds to the number of observed LoF variants (n = 10) for TBC1D24, which seems to contradict our suggestion that haploinsufficiency for TBC1D24 may predispose to epilepsy. However, it is important to note that the incidence of epilepsy is relatively high in the general population (7 per 1000 [ref.
30
]) and the ExAC data set only excludes severe childhood-onset disorders. It is therefore possible that some TBC1D24 heterozygous LoF or deleterious missense variants may lower the threshold for the development of mild forms of epilepsy in some families. In animal studies, Tbc1d24 has been shown to be important for neuronal migration and cortical maturation by facilitating the transition of migrating neurons into a bipolar shape.
31 PDPK1 is also involved in neuronal differentiation in mice. 23 The third candidate gene within the MOR, ATP6V0C, like TBC1D24, can regulate vesicular trafficking. While heterozygous Atp6v0c knockout mice are phenotypically normal, 32 homozygous embryos develop only to the blastocyst stage and die shortly after implantation. 33 In recent years, several exome sequencing studies have been conducted in patient cohorts with severe epilepsy, developmental delays, or both who often remained undiagnosed after a standard genetic evaluation with CMA and targeted gene sequencing. 15, [34] [35] [36] [37] [38] [39] Different de novo frameshift variants in ATP6V0C were found in one individual in a study performing exome sequencing of 80 patients with Dravet syndrome 34 and in 1 individual from a cohort of 4293 families undergoing exome sequencing for severe developmental delay. 39 Details on their phenotypes were not provided and the variants were not validated by functional assays. In the Dravet syndrome study, the authors conducted targeted sequencing of ATP6V0C in 67 additional families and did not identify other pathogenic variants. One proband in a cohort of 1133 children with severe developmental delay was found to have a de novo missense variant in PDPK1 by exome sequencing, but no phenotype information was provided (Table S2 in ref. 15 ). De novo variants in either gene were absent from other studies with cohort sizes ranging from 50 to 293 trios 35, 37, 38 and none of the above-cited studies listed de novo variants in TBC1D24. Neither of the three genes emerged as a strong individual candidate gene for either severe epilepsy or developmental delay in these studies; however, further large-scale cohort studies or functional assays are needed to explore the possible contribution of PDPK1 and ATP6V0C LoF variants to developmental delay and epilepsy phenotypes.
In conclusion, while haploinsufficiency of TBC1D24, ATP6V0C, or PDPK1 may be tolerated individually (larger cohorts will be useful to provide a definitive answer), our results suggest that haploinsufficiency for a combination of these genes leads to developmental delay and epilepsy as observed in this cohort. Future studies are needed to further refine the MOR and elucidate the individual and cumulative effect of the genes implicated in this phenotype.
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